NASA TN D-1709

NASA TN D-1709

N62 lobwes

oS - S

TECHNICAL NOTE
D-1709

PRELIMINARY EXPERIMENTAL INVESTIGATION OF
FREQUENCIES AND FORCES RESULTING FROM
LIQUID SLOSHING IN TOROIDAL TANKS

By Irving E. Sumner

Lewis Research Center
Cleveland, Ohio

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON June 1963







NATTONAL AERONAUTICS AND SPACE ADMINTISTRATION

TECHNICAL NOTE D-1709

PRELIMINARY EXPERIMENTAL INVESTIGATION OF
FREQUENCTES AND FORCES RESULTING FROM
LIQUID SLOSHING IN TOROIDAL TANKS

By Irving E. Sumner

SUMMARY

A preliminary experimental investigation was conducted to determine the
natural mode frequencies and slosh forces resulting from liquid oscillation
in three horizontally oriented toroidal tanks of constant minor radius and varied
major radii. The excitation amplitude was held constant, and the excitation fre-
quency was varied to encompass the first and second natural modes of the con-
tained liquids over a range of liquid-depth ratios.

The slosh forces were found to be directly proportional to the density of
the contained liquid for liquids of about the same viscosity.

As the major radius of the tank was increased, the maximum first mode slosh
forces inecreased and were found to occur at progressively higher liquid-depth
ratios. There was not a consistent trend of first mode slosh forces with the
tank major radius at a constant liquid~-depth ratio. The maximum second mode
slosh forces increased and became significantly greater than those of the first
mode as the major radius was increased. The maximum second mode slosh forces
always occurred at a liquid-depth ratio of O.5.

INTRODUCTION

For space vehicles that contain relatively large masses of liquid propel-
lants, sloshing is a potential source of disturbance critical to the stability
of the vehicle. For example, oscillations of the propellant masses may result
from attitude stabilization control pulses and can exert forces and moments that
may have an adverse effect on the stability and structural integrity of the ve-
hicle. The most critical situation occurs when the excitation frequency becomes
very nearly the same value as one of the natural frequencies of the contained
liquid, which causes a coupling action between the attitude control pulses and
the slosh forces.

The natural frequencies and, to a lesser extent, the forces produced by
liquid sloshing have been investigated both analytically and experimentally for
several different tank configurations (e.g., refs. 1 to 8). In many recent de-
sign studies of lunar space vehicles, toroidal propellant tanks have been pro-



posed because of packaglng considerations. None of the information presently
available, however, is related to liquid sloshing in toroidal tanks with the ex-
ception of reference 3. In that report an experimentally verified empirical
method of predicting the first four natural frequencies of the liquid oscil-
lations is presented.

Accordingly, a preliminary experimental investigation of liquid sloshing in
three horizontally oriented toroldal tank configurations was conducted at the
Lewis Research Center to determine the resulting slosh forces and the natural
slosh frequencies over a range of liquid-depth ratios. For these tank configura-
tions, the minor radius was held constant, and the major radius was varied. The
excitation amplitude was held constant, and the excitation frequency was varied
to encompass the first and second natural modes of the contained liquid. Tap
water, mercury, and acetylene tetrabromide were employed as the contained slosh
liquids. The results of this preliminary investigation are presented in terms of
the slosh force as a function of the excitation frequency and liquid-depth ratio
for each tank configuration.

SYMBOLS
Fq horizontal slosh force, 1b
f excitation frequency, cps
h ligquid depth, in.
R toroidal tank major radius, in.
T toroidal tank minor radius, in.

8.8. specific gravity of contained liquid

Xs excitation amplitude, in.

3] damping ratio, or logarithmic decrement, ln(Fs,n/Fs,n+l)
U liquid viscosity, centipoises

Subscript:

n eycle number (n = 0,1,2, . . ., n)

APPARATUS AND INSTRUMENTATION

The experimental apparatus 1s shown in figure 1. The test facility is
nearly identical to that used in the investigation of unrestricted sloshing in
spherical tanks, as reported in reference 4. Three toroidal tanks were formed
in laminated lucite blocks. When placed on the test faclility, each tank was
mounted on ball bearings and was free to oscillate in a horizontal plane. The



sinmusoidal motion of the tank was produced by a slider-crank mechanism driven
through a varisble speed transmission by an alternating current electric motor.
The excitation amplitude of the tank was held constant at 0.050 inch, and the ex-
citation frequency could be varied from O to 5 cycles per second. The electric
driving motor was wired so that the alternating current could be removed from the
field and a direct curremt could be supplied to one of the windings. This en-
abled the oscillatory motion to be "quick-stopped" so that only the horizontal
forces resulting from the liquid motion were measured. These residual slosh
forces were sensed by a strain gage mounted between the tank and the slider-crank
mechanism. The signal from the strain gage was recorded by means of a continu-
ously recording strip chart.

Water and mercury were used as the initial contained liquids in order to
cover a range of densities and slosh forces at the given excitation amplitude.
These two liquids were chosen because of their wide range of densities and nearly
equal values of absolute viscosity (approx. 1 centipoise). Acetylene tetrabro-
mide (TBE) was also used as the contained liquid to determine the maximum first
and second mode slosh forces over the range of liquid-depth ratios. TBE was used
for this portion of the investigation because (1) its density (2.97 times that of
water) was high enough to provide a relatively accurate measurement of the slecsh
forces and (2) the absolute viscosity (9.7 centipoises) was high enough to pro-
vide sufficient damping so that the maximum wave height of the ligquid did not
occur until the tank had completed at least one cycle of its oscillatory motion.
Table T summarizes the tank conflgurations and contained liquids used in this
investigation.

PROCEDURE

The tank and the contained liquid were oscillated at a preset amplitude
(X, = 0.050 in.) and a preselected frequency until the maximum wave height was

obtained; then the oscillatory motion was quick-stopped, and the residual slosh

forces were recorded. Initial tests with water, mercury, and TBE were conducted
at a liquid-depth ratio h/2r of 0.50. Later tests conducted with TBE covered

a range of liquid-depth ratios from 0.1 to 0.95.

DATA REDUCTION

Oscillograph traces of the slosh forces typical of those obtained for any
tank configurstion and liquid-depth ratio are shown in figure 2. The large
forces to the left of time zero were those recorded while the tank was being
driven through the oscillatory motion. At time zero, this oscillatory motion was
quick-stopped; after time zero, only the forces resulting from the motion of the
liquid contained within the tank were recorded. The slosh force measurements
were obtained from the first force peak that occurred immediately after the os-
cillatory motion of the tank had been quick-stopped. The damping ratios were
calculated as the logarithmic decrement of a smooth curve faired through succes-
sive force peaks.



RESULTS AND DISCUSSICN

The liquid-surface forms of the contained liquid, when the tank was oscil-
lated at excitation frequencies at or near that of the first and second natural
modes, are shown in figure 3. At or near the first mode frequency, the en-
tire liquld surface oscillates as a plane that pivots about a horizontal center-
line normal to the direction of excitation. At or near the second mode fre-
quency, the 1liquld may be considered to be divided into three distinet sections.
The liquid surface in each section (1 and 3) oscillates as a plane that pivots
about a section horizontal centerline normal to the direction of excitation. The
surface of the liquid in section 2 assumes a form to provide continuity between
the surfaces in sections 1 and 3.

The first two natural frequencies of oscillation of the contained lig-
uid were calculated over a range of liguid-depth ratios by the method presented
in reference 3. Experimental values of the first and second natural fre-
quencies of liquid oscillations were determined from the oscillograph traces and
are compared with the calculated values in figure 4. Agreement between the cal-
culated and experimental values is good, particularly for liquid-depth ratios in
the range of 0.4 to 0.7. 1In general, a decrease in the liquid-depth ratio re-
sults in a decrease of both the first and second natural frequencies of
liquid oscillation. For & constant minor radius, an increase in the major radius
of the tank also results in a decrease of both the first and second natural
frequencies. The density and viscosity of the contained liquid had no effect
on the natural frequency of oscillation in this investigation. The wave forms
of higher modes could not be obtained because the ratio of the excitation
amplitude to tank minor radius Xo/r was too large to establish the charac-
teristic wave form.

Slosh forces obtained in toroidal tank configuration A (major radius,
R = 3.75 in.) for excitation frequencies encompassing the first fundamental mode
are presented in figure 5(a). The slosh forces increased to a peak value as the
excitation frequency approached the first fundamental mode frequency and then de-
creased with a further increase of the excitation frequency. The slosh forces
are presented in the form of a specific slosh force (the ratio of the measured
slosh force to the specific gravity of the contained liquid, Fs/s.g.) in order

to generalize the effect of liquid density. TFor water and mercury, the slosh
forces were found to be directly proportional to ligquid density; however, the
maximm specific slosh forces for TBE were lower than those obtained for water
or mercury because of its higher absolute viscosity. Unpublished deta from an
investigation conducted with several glycerine-water mixtures sloshed in a spher-
ical tank indicate that an increase of the viscosity of the contained liquid will
decrease the slosh force, particularly for slosh forces obtained at or near a
natural frequency. This decrease of the slosh forces may be expected to occur
to a greater extent in a toroidal tank because the volume to surface-asres ratio
is lower than that of a spherical tank.

Slosh forces obtained in toroidal tank configuration A, for excitation fre-
quencies encompasing the second natural mode, are presented in figure 5(b)
The slosh forces obtained at the second mode frequency were about the
same magnitude as the slosh forces obtained at the first mode and represented
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approximately 5 percent of the apparent weight of the contained liquid.

Slosh forces from the three toroidal tank configurations are compared 1n
figure 6. Specific slosh forces are presented for excitation frequencies extend-
ing through the first two modes of the contained liquid (water or mercury) at
a liquid;depth ratio of 0.50. The natural frequencies of the first and second
modes decreased with an increase in the major radius R, as previously shown
in figure 4. As the toroidal tank major radius was increased (1) the first
fundamental mode slosh forces decreased, (2) the second mode slosh forces in-
creased, and (3) the second mode slosh forces became significantly greater than
the forces that occurred at the first mode.

The variation of the first and second mode specific slosh forces with
liquid-depth ratio for TBE as the contained liquid is presented in figure 7.
FEach toroldal tank configuration was oscillated at the specific first and second
mode excitation frequency dictated by the depth ratio of the contained liquid and
the specific tank geometry (fig. 4). For tank configuration A, the first mode
specific slosh force reached a maximum value of approximately 0.45 at a liquid-
depth ratio of 0.5. As the major radius of the tank was increased, the maximum
values of the first mode slosh forces increased and occurred at higher liquid-
depth ratios. There was not a consistent trend of the first mode slosh forces
with tank major radius at a constant liguid-depth ratio. The second mode spe-
cific slosh forces for each tank configuration reached a maximum value at a
liquid-depth ratioc of 0.50, and the curves tended to be symmetrical about that
depth ratio. The maximum second mode slosh forces increased as the major radius
increased and were still significantly greater than the maximum first mode slosh
forces. The maximum first and second mode slosh forces and the liquld-depth ra-
tio at which each occurred are summarized in the followlng table:

Tank Tank First mode Second mode
config- major

uration | radius, | Maximum |Liquid- | Maximum |Liquid-
R, specific depth specific depth

in. slosh ratio, slosh ratio,

force, h/2r force, h/2r

Fs/s.g., Fs/s.g.,
1b 1b

A 3.75 0. 45 0.5 0. 45 0.5

B 6.25 .78 .7 1.16 .5

C 8.75 .81 .8 1.70 .5

The maximum second mode slosh forces varied in magnitude from 5.4 percent of the
apparent weight of the contained liquid for tank configuration A to 8.7 percent
for configuration C.

The difference in specific slosh force levels that appears at any given
value of excitation .frequency or liquid-depth ratio (figs. 5 to 7) is attributed
to experimental technique. As each tank was oscillated, the wave forms were al-
lowed to build to a maximum height (determined visually) without bresking up and
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showering liquid throughout the tank; then the tank was quick-stopped. The maxi-
mun slosh forces occurred just before the waves broke. At excitation frequencies
near the first fundamental frequency, the waves would build up very slowly; near
the second natural frequency, the waves would build up very rapidly. The

data scatter is attributed to the difficulty in quick-stoppling the tank at pre~
cisely the proper time.

Damping ratios determined from the first and second mode slosh force oscil-
lograph traces are presented as a functlon of liquid-depth ratio in figure 8.
The contained slosh liquid was TBE. The damping ratios tended (1) to be inde-
pendent of the toroidal tank configuration and (2) to decrease to a minimum value
at the liquid-depth ratic where the specific slosh forces had reached a maximum
value (fig. 7).

Liquid swirl, a rotation of the contained liquid in a tank resulting from
the degeneration of linear, or conventional, slosh, previously has been reported
to occur in cylindrical and spherical tanks (e.g., ref. 4). Liguid swirl was
also noted in toroldal tanks at excitation frequencies very near those of the
fundamental mode frequency when the contained slosh liguid was either water or
mercury. Liquid swirl was not observed when TBE was used; the higher viscosity
of TBE apparently damped any liquid rotation.

A dimenslonal analysls was conducted in an attempt to determine dimension-
less slosh force and frequency parameters that would generalize the experimental
data in terms of tank geometry. However, primarily because of the behavior of
the first mode slosh forces when related to tank geometry and liquid-depth ratio,
force and frequency parameters that would adequately describe the experimental
data could not be determined from a dimensional analysis.

CONCLUDING REMARKS

A preliminary experimental investligation was conducted to determine the
natural mode frequencies and slosh forces resulting from liquid oscillations
in three horizontally oriented toroidal tanks. The tank configurations had a
constant minor radius but different values of the major radius.

The first and second mode natural frequencies decreased with (1) a de-
crease in the depth ratio h/2r of the contained liquid and (2) an increase in
the major radius R of the tank. The experimental fundamental frequencies de-
termined for a given toroidal tank configuration were found to be in good agree-
ment with those values calculated by the method presented in reference 3.

The slosh forces increased to peak values as the excitation frequency ap-
proached the first or second natural mode frequencies and then decreased with
a further increase of the excitation frequency. There was not a consistent trend
of the first mode slosh forces with the tank major radius at a constant liquid-
depth ratio. The maximum first mode slosh forces increased with an increase of
the tank major radius (within the range investigated) and occurred at progres-
sively higher liquid-depth ratios. The maximum second mode slosh forces in-
creased and became significantly greater than those of the first mode as the ma-
Jor radius was increased. The maximum second mode slosh forces always occurred
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at a liquid-depth ratio of 0.50 and varied between 5.4 and 8.7 percent of the ap-
parent weight of the contained liquid (acetylene tetrabromide).

The slosh forces were directly proportional to the liquid density for 1lig-
uids of the same absolute viscosity.

Damping ratios associated with the first and second mode slosh forces were
of approximately the same values, were independent of the tank configuration, and
tended to reach a minimum value at the liquid-depth ratios where the slosh forces
had reached a maximum value.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Chio, February 5, 1963
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TABLE I. - SUMMARY CF TANK CONFIGUR-

ATTIONS AND CONTATINED LIQUIDS

3 C

Tank Minor Ma jor
configuration radius, radius,
T, R,
in. in.
A 2.50 3.75
B 2.50 6.25
C 2.50 8.75
Contained slosh|Speclfic| Absolute
liquid gravity, {viscosity,
5.8. Hs
centipoises
Water 1.0 1.0
Mercury 13.55 1.5
Acetylene tet- 2.97 9.7
rabromide
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First and second mode specific horizontal slecsh forces, Fs/s.;.
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Damping ratio, & = ln(FS,n)/(FS’n+l)

NASA-Langley, 1963
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